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POLYOXOMETALATE MATERIAI^/METAL-CONTAINING MATERIALS, 

AND METHODS OF USE THEREOF 



CROSS REFERENCE TO RELATED APPLICATIONS 

This application claims priority upon United States provisional application 
serial no. 60/158,952, filed on October 12, 1999, and the contents of which are herein . 
incorporated by this reference in their entirety. 

FIELD OF THE INVENTION 

The present invention relates to materials containing a polyoxometalate or a 
metal compound, wherein the metal compound is not a polyoxometalate. The invention 
further relates to methods for removing a contamiaant from an environment by 
] contacting the environment with a polyoxometalate material or a non-polyoxonoetalate 
xnateriaL 

BACKGROUND bF Tlffi IN\^ 

Decreasing the potential danger of contaminants from the environment has long 
been a significant issue! For exanple, the removal of offensive odors originating fi-om 
cigarette smoke, sweat, exhaust gases, and rotten food in the work place, the home, and 
elsewhere would be quite beneficial to the public-at-large. Additionally, materials that 
can remove highly toxic contamiaants, such as chemical warfare agents (CWAs), fi*om 
the environment can ultimately reduce a soldier's exposure to the agent Examples of 
materials that would bje useful include creams, powders, coatings, and fabrics. 

Creams, also referred to as topical skin protectants (TSPs), have been developed 
to protect soldiers from the threat of dermal exposure to chemical warfare agents. TSPs 
. require ah inert material Which can be appUed on the skin in a thin layer to form an 
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antipenetrant barrier to CWAs or other contact irritants that will not interfere 
excessively wifli normal skin functions. A preferred TSP affords protection against 
CWAs and other toxic or irritating materials in all of die forms in which they might be 
encountered (e.g., liquid, aerosolized liquid and vapor). Perhaps the best-known 
vesicant CWA is 2,2'-dichlorodiethylsulfide (also known as "BDD" or "sulfur mustard"), 
which was first used duriDg World War L Improved TSPs, however, are needed for 
protecting mflitary personnel and civilians from percutaneous exposure to CWAs and 
protecting the skin from contact dermatitis arising from other sources as well. 

U.S. Patent No. 5,607,979 to McCreery discloses topical creams formed from 
about 35% to about 50% fine particidates of certain poly(tetrafluoroethylene) (PTFE) 
resins dispersed in perfhiorinated polyether oils having viscosities frorh about 20 cSt to 
about 350 cSt. The creams afford protection against chemicial warfare agents such as 
sulfur mustard (HD), lewisite (L), sulfur rtiustard/Lewisite mixtures (EDL), pinacolyl 
methylphosphonofluoridate (soman or GD), thickened soman (TGD), and O-ethyl- 
S-2-diisopropylaniinoethyl methylphosphonothiolate (VX), These crearos, however, 
can only provide limitied exposme to a CWA for a short period of time. Furthermore, 
the crearns cannot convert the CWA to an inactive forrn, which will reduce the overall 
toxicity of the CWA. 

Thus, there is a need for a material, which is also referred to herein as a support, 
that can reinove a contaminant from the eiivirbnment for an extended period of time. 
The incorporation of a polypxometalate (herein referred to as *TOM") into a material 
such as a creain, coating, powder, or fabric, is one approach to removing a contaminant 
from an enviroxmient. Gall et al. (Chenu Mat 8, pp. 2523-2527, 1996) disclose the 
immobiliziatipn of H5PV^Oio04o on carbon cloth in order to detemine the ability of 
H5PV2M010O40 to rCToove sulfur contamirg con5)ounds fr^ toluene. Johnson et al 
(Proc ERDEC ScL Confi Chehu Biol Def. Res., 1998, pp. 393-399) disclose 
suspending H5PV2MOio04o; K5Si(H26)Mn^Wii039; K4Si(H20)Mn^Wii039; or 
K5Co^Wi2O40 ^ a perflouropolyether barrier cream to determine the creams ability to 
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detect the presence of mustard gas. Johnson et al , however, is not concerned with the 
removal of the mustard gas from the gas phase. 

The prior art also discloses the incorporation of polyoxometalates into powders 
5 and coatings. For example, U.S. Patent No, 5,356,469 to Qircio et at disclose a metal 

pigment conqx)sition suitable for the formation of a coating corcposition. The coating 
con^xjsitipn is conqposed of a solvent, a metal pigment, at.least one phosphosilicate 
pigment, and at least one heteropoly anion. The metal pigment particles possess 
increased stability against attack by water. Japanese patent apphcation numte 
10 4054127 to Terunij Corp. discloses the use of heteropoly acid salts as anti-tumor 

agents. The heteropoly acid salts can be adrninistered in the fomi^^^ 
suspended in solution. Although the prior art discloses a number of different 
. applications of polyoxometalate powders or coatings, the art does not disclose the use 

. of a powder ot coating containing a polyoxometalate to remove a contaminant from the 
15 environrnent . 

In Ugjit of the above, it would be very desirable to have an ar^ 
of using an article for the removal of toxic and/or noialodorous conopounds without 
adding stoichiometric amomts of additives or conopounds to the article. The present 

20 invention solves such a need in the art while providing surprising advantages. The 

present invention herein incorporates a polyoxometalate (POM) into a material such £is 
a topical carrier, powder, or coatings which greatly increases the ability of the to 
reroove a contaminant from the enviroiiinent. The present inverition also incorporates a 
metal con^xjund, wherein the metal compound is not a polyoxometalate, into a in 

25r. nrf<ftT^f^ rf^rrK>vft ^ mntflTTninant from the erivTromrient. 

BIttEF DESCRIPTION OF THE DR^ 

Figure 1 shows the consun5)tion of oxygen and formation of CEESO as a function of 
• 30' • . time, ... . 
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Figure 2 shows CEESO formation as a fuactidn of time using lAu/2Cu/3N03; 
2CU/3NO3; and IAU/3NO3. 

J 

SUMMARY OF THE INVENTION 

In accordance with the purpose(s) of this invention, £is embodied and broadly 
described herein, this invention, in one aspect, relates to a polyoxonaetalate topical 
donoqppsition for removing a contacoinant from an environment, con^Mising a topical 
carrier and at least one polyoxometalate, with the proviso, that the polyoxometalate is 
not H5PV2M01PO4P; K5Si(H20)Mn°^Wn039; K^\()^^0)yi^^ ^^0^^\ or K5Co"^Wi2O40. 

The invention further relates to a method for removing a contaminant from an 
enviro^roent, coicprising contacting the polyoxometalate topical conposition of the 
' present invention with the enviroimient containing the contaminant for a sufficient time 
to renaove the contammmt from the environment. 

The invention further relates to a method for renooving a contaminant from ian 
environment, corqprising contacting a polyoxorrietalate powder or a polyoxometalate 
coating with the environment coiitaining the contaminant for a sufficient time to 
remove the contaminant from the environment. 

The invention further relates to a modified polyoxometalate, wherein the 
modified polyoxometalate comprises the admixture of (1) a polyoxometalate and (2) a 
cerium corcpoimd, a silver compound, a gold confound, a platinum conpound, or a 
cpmbinaifion thereof. 

The invention further relates to a method for removing a contaminant from an 
ehviroiBDoent, coirprising contacting a modified material with the environment 
containing the contaminant for a sufficient time to remove the contaminant from the 
environment, wherein the modified material conqnises (1) a material and (2) a metal 
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coDq)Ouiid con^jrising a transition metal conpound, an actinide compound, a 
lanthanide conponnd, or a combination thereof, wberein the ioetal con^pound is not a 
polyoxornetalate. 

The invention further relates to a modified material for removing a contaminant 
from an environment, whereia the modified material comprises (1) a material 
conprising a topical carrier, a powder, a coating, or a fabric, and (2) a metal conpound 
comprising a transition noetal conpound, an actinide conpound, a lanthanide 
conpound/ or a conibination thereof, wherein the metal conopound is not a 
polyoxornetalate. 

The invention further relates to an article conprising the modified of the 
present invention. 

Additional advantages of the invention will be set forth in part in the description 
which follows, and in part wiH be obvious frond the desdription, or may be learned by 
practice of the invention. The advantages of the invention win be realized and attained 
. by meaiis of the elements and combiiiadons. It is to be understood that both the 
foregoing general description and the following detailed description are exeiiplary and ' 
explanatory only and are not restrictive of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The present iiivention may be understood more readily by reference to the 
following detailed description of preferred embodiments of the invention and the 
Exao^les iioicluded therein. 

Before the present methods and articles are disclosed and descrited, it is to be 
imderstood that this invention is not limited to specific synthetic methods or to 
particular formulations, as. such may, of course, vary. It is also to be understood that 
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tlae terminology used herein is for the pmpose of desc^^ 
only and is not intended to be limiting. 

In this specification and in the claims which foflo w, reference will be roade to a 
5 niiinber of terms wMch shaH be defined to have the foflo wing 11^ 

The singular forms "a," "aii" "th^" include plural referents unless the 
context clearly dictates otherwise. 

10 "Optional" or "optionally"means that the subsequenfly described event or 

circumstance may or may not occur, and that the description includes instances where 
said evCTLt or circumstance occurs and instances where it does not. 

in accordance with' the puipose(s) of this invention, as emb 
15 described herein, this invention, in one aspect, relates to a polyoxometalate topical 

conoposition for removing a containinant fi-om an en\dron^ 

carrier and at least one polyoxometalate, with the proviso that the polyoxometalate is 
not H5PVjM[Oio04o; K5Si0H2O)Mn^WuO3<,; KtSi(H26)Mrf^Wud3p; or IQCo^W^^O^ 

20 The iQvention farther relates to a modified polyoxometalate, wherein the 

naodified polyoxometalate comprises the admixture of (1) a polyoxometalate and (2) a 
cerium compound, a silver con5)Ound, a gold coropound, a platinmn coirpound, or a 
combination thereof. 

25 The inventibnfurtherrelates to aiD^ 

from ah environment, wherein the inodified nciateiial coin)rises (1) a. material 
corcprising a topical carrier, a powder, a coating, or a fabric, and (2) a metal compound 
conqprisiag a transition metal confound, an actinide con5)Ound, a lanthanide 
cbncpbund, or a combination thereof, wherein the inetal compound is not a 

30 polyoxometalate. 
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The iavention further relates to an article comprising the modified material of 
the present invention. 

Many polyoxometalates known ia the art can be used in the present invention to 
remove a contaminant from an environment. Polyoxometalates are also referred to ia 
the art as heteropoly compounds, heteropoly acids, isopoly compounds, and isopoly 
acids, which are subsets of polyoxometalates. Exairples of polyoxometalates useful in 
the present invention are disclosed ia Pope, M.T. in Heteropoly and Isopoly 
OxometalateSy Springer Verlag, 1983, and Chemical Reviews, vol. 98, ho. 1, pp. 1-389, 
1998, which are incorporated by this reference in their entirety. 

The selection of the polyoxometalate used in the present iavention is dependent 
upon the contaminaat or contaminants to be removed frora the environment. In one 
embodiment, the polyoxometalate has tlie formula 1 of [VjMo^W^NboTapMqXj.OJ^'[A], 
whereid M is at least one f-block element or d-block element haviag at least one d- 
electron, wherein M is not vanadiuno, molybdenum, tungsten, niobium, or tantalum; X 
is at least one p-, d-, or f-block eleroent, whereia X is not oxygen; k is from 0 to 30; m 
is frpmO to 160; h is from 0 to 160; o is from 0 to 10; p is from 0 to 10; q is from 0 to 
30; r is from 0 to 30; s is sufficiendy large that y is greater than zero; and y is greater 
than zero, wherein the smn of k, m, n, d, and p is greater than or equal to four; and the 
sum of k, m, and q is greater than zero, and A is one or more different counteriohs. hi 
one embodiment, s is from 19 to 460. The charge on the POM, y, is dictated by the 
values of k, m, n, p, p, q, r and s. The p-, d-, and f-block elements can exist in any 
oxidation state. 

Generally, M can be any d-block element having at least on6 d-electron or f- 
block element having at least one f-electron. Typically, M comprises titaniuna, 
chromium, manganese, cobalt, iron, nickel, copper, rhodium, silver, palladium, 
platinum, mercuiy, mthenium, cerium, or europixmn. In a preferred embodiment, M 
comprises manganese, cobalt, or mtheniuna. In another embodnnent, X comprises 
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phosphorus, silicon, aluDainuiD, boron, cobalt, zinc, or iron. When the polyoxometalate. 
has the Keggin structure XM^a* ^ possible for X and at least one M to be the 

same d- or f-block eleinent. Not wishing to be bound by theory, it is believed that the 
metal ion M of the polyoxometalate of the present invention is responsible for 
removing the contaminant from the gas phase, while X, when present, provides 
structural iutegrity to the polyoxometalate. 

In one embodin[}ent, the sum of k and q is greater than or equal to one, the sum 
of k, na, n, o, p, iand q is 12, and s is 40. In yet another embodiment, k is not zero. In 
another embodiment, q is not zero. 

In a more specific embodiment, when the polyoxometalate has the formula 1 , 
the polyoxometalate has the formula |X^^V|,^M^^"^i2-b.c^OJ'"'[A], wherein X is at least 
one p-; d-, or f-block element; g is greater than or equal to 2; M is at least one f-block 
element or d-block element having at least one d-electron, wherein M is not vanadium; 
h is from i to 7; i is froinS to 6; j is from4 to 5; x is 39 or 40; Z is tungsten, 
molybdenum, niobium, or a: combination thereof; b is from 0 to 6; c is. from 0 to 6; u is 
from 3 to 9; and A is a coxmterion: The values of u, x, i, b, c, g, h, and j wjpl vairy 
depending upon the selection of X, M, and Z. The variables are related to one another 
and can be derived by the following fdrmula: 

u = .2(x) -i(12>c) -g . :c(h) - b(j) 

The values of h, i, and j are average charges, and depend upon the selection and number 
of X, M, Z, and V present in the POM. For exan5)le, when Z is Nb^^ and Nb^ two 
Nb atonos present in the POM)i th^ 

In a more specific enibodiment, when the polyoxometalate has the formula 1 , 
the polyoxometalate has the forraiila [X^*Vx!'*^i2.^'^0^'''[A], whereia X is at least one 
phosphorus, silicon, aluminum, boron, zinc, cobalt, or iron; b is from 1 to 6, and u is 
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from 3 to 9. 



In a more specific embodiment, when the polyoxometalate has the foramla 1 , 
the polyoxometalate has the structure [X^^M^^i2 ^^04ji^'[A\y wherein X is at least one 
5 phosphorus, silicon, aluminum, boron, zinc, cobalt, or iron; c is from 1 to 6, and u is 

fromS to9. 



. In a more specific embodiment, when the polyoxometalate has the foramla 1, 
the polyoxometalate has the fonnula [X2"V^'^^'^i8.^./"^OJ'' [A], wherein X is at least 

10 one p-, d-, or f-block element; r is greater than or equal to 1; M is at least one f-block 

element or deblock element having at least one d-electron, wherein M is not vanadium; 
t is from 1 to 7; s is from 4 to 5; Z is tungsten, molybdenum, niobium, or a combination 
thereof; u is frpni 0 to 9; V is from 0 to 9; y is from 5 to 6; z is 61 or 62; w is^eater 
than or equal to 4; and A is a counterion. Similar to the formula above, the values of r, 

15 s, t, u, V, w, y, and z, will vary depending upon the selection of X^ M, and Z. The 

variables are related to one another and can be derived by the following fonhula: 

w = 2(z) -y(18-u-v) - 2r - v(t) - u(s) 

20 The vialues of r, s, t, and y are also average charges, and depend upon the selection and 

number of X, M, Z, and V atoms present in the POM. 

In a niore specific embodiment, when 
the polyoxoinetaiate has the fonnula [Xj'^V^'^^Zig.^^b^j]'*' wherein X is at least one 
. 25 phosphorus, sulfur, silicon, aluminum, boron, zinc, cobalt, of iron; u is from 1 to 9;.and 

w is greater than or equal to 4. 

in a moire specific enibodiment, when the polyoxometalate has the formula 1 , 
the polyoxometalate has the fonnida IX2^*M^^^^^ is at least one 

30 . phosphorus, sulfur, silicon, aluminum, boron^ zinc, cobalt, or iron; v is from 1 to 9; and 
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w is greater than or equal to 4. 

In a more specific embodimaat, when the polyoxometalate has the formula 1, 
the polyoxometalate has the foranila [YVpZi2-pQ4al[A], wherein Y is phosphorus, 
5 silicon, or alumiouin; Z is tungsten or molybdenum; p is from 1 to 6, and A is a 

counterion. In one enoibodiment, Y is phosphorus and Z is molybdenum. In one 
enoibodimi^t, Y is phosphorus and Z is tungsten. In one einbodiment, Y is silicon and 
Z is molybdmum. In one embodiment, Y is silicon and Z is tungsten. In one 
embodinient, Y is aluminum and Z is tungstien. In one emibodiment, Y is aluminum and 
10 Z is molybdeniun. 

In a more specific embodiment, when the polyoxometalate has the formula 1 , 
the polyoxometalate has the formula [X^^Vi^^^jZi2.b^04o]''"[A], wherein X is at least 
one p-, d-, or f-block element; g+ is the charge of X; M is at least one f-block element 
15 or d-block element haviQg at least one d-electron, wherein M is iiot vanadium; h+ is the 

charge of M; Z is tungsten, molybdenum, niobimn, or a combination thereof; b is froiri. 
0 to 6; c is from 0 to 6, wherein the sum of b and c is greater than or equal to one; u is 
greater than 3; and A is a coimterioiL 

20 hi a more specific embodinoent, when the polyoxometalate has the formula 1 , 

the polyoxometalate has the formula [X^'^Vi^i2-b04cxl'*'[A] , wherein X is at least one 
phosphorus, silicon, sJuminum, boron, zinc, cobalt, or iron; Z comprises tungsten, 
molybdenum, niobiuin, or a combination thereof; b is from 1 to 6; and u is greater than 

3, ' ■ /' • " . 

In a niore specific erxibodinjent, when the polyoxometalate has the formula 1, 
the polyoxometalate has the fprmida [X^*M^^JZi2.c04o]'' [A] , wherein X is at least one 
phosphorus, silicon, alumiauni, boron, zinc, cobalt, or iron; Z con5)rises tungsten, 
molybdenum, niobium, or a combination thereof; M*""^ is at least one f-block element or 
30 _ d-block element having at least one d-electron; c is from 1 to 6; and u is greater than 3. 
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In a more specific embodinient, when the polyoxometalate has the formula 1 , 
the polyoxometalate has the foraiula \^2^M^^iZ.^^^,J3^jr'[A], wherein X is at least 
one p-, d-, or f-block element; i+ is the charge of X; M is at least one d- or f-block 
element, wherein M is not vanadium; j+ is the charge of M; Z is tuQgsten, 
molybdenum, niobium, or a combination thereof; u is from 0 to 9; v is from 0 to 9, 
wherein the sum of u and v is greater than or equal to one; w is greater than or equal to 
4; and A is a countOTon. 

In a more specific einbodiment, when the polyoxometalate has the fomiula 1, 
the polyoxometalate has the fomiula [5C**2V,Zi8.^062]^'[A], wherein X is at least one 
phosphoras, sulfur, silicon, aluniinumi, boron, zinc, cobalt, or iron; Z comprises 
tungsten, molybdenum, niobiimn, or a combination thereof; u is from 1 to 9; and w is 
greater than or equal to 4. 

In a more specific embodiment, when the polyoxometalate has the formula 1 , 
the polyoxometalate has the formula t^C^^jM^^vZis.vOeJ'^'LA], wherein X is at least one 
phosphorus, sulfur, silicon, ^uminum, boron, zinc, cobalt, or iron; Z coii5)rises 
tungsten, molyixleuum, niobium, or a corobination thereof; M?* is at least one d- or f- 
block eleriouent; v is from 1 to 9; and w is greater than or equal to 4. 

In a more specific embodiment, when the polyoxometalate has the formula 1, 
the polyoxometalate has the formula [YyjjZi2.x04j[A], whereia Y is phosphorus, . 
silicon, or aluminum; Z is tungsten or molybdenTmi; x is from 1 to 6, and A is a 
counterion. In one CT^bodiinent, Y is phosphorus and Z is molybdenum. In one 
embodiment, Y is phosphorus and Z is tungsten- In one embodiment, Y is silicon and 
Z is moiyixiehiraL In one embodiment, Y is silicon and Z is tungistCTu In one 
embodiment, Y is alummum and Z is tungsten In one einbodiment, Y is almninum and 
Z is molybdenumi ^ . 

Polyoxometalates having an organic group, such as an alkyl group or aryl group. 
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an drganosilyl group, or other p- or d-block orgaaometallic groups bonded to the POM 
can also be used in die present invention. The organic group can be branched or 
straight chain alkyl, alkenyl, or alkynyl group or an aryl group of to Qq. The alkyl 
group can also be a polyether or polyoL Not wishing to be bound by theory, the organic 
group is bonded to the polyoxoroetalate as depicted in Scheme 1, where R is the 
organic group and Met is generally vanadium, molybdenum, tungsten, niobium, or 
tantalum: 



Scheme I 



/ -H20 
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ROH 

X 

Met Met v 



Met" ^Met 



I 



YLR^ 
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I 



Met Met 

m 



10 The reaction between an alcohol and the polyoxometalate I results in the loss of 

water and the formation of the polyoxometalate n, whereia the organic group is bonded 
to an oxygen atom of the polyoxometalate. Any alcohol known in the art can be used id 
the present iavention. Examples of alcohols that can be used include, but are not 
limited to, inethanol, ethanol, or tris(Tiydroxymethyl)ifiethane. The polyoxometalates 

15 . having organic groups bonded to the PQM that are disclosed in Gouzerh et aL, Chem. 

Rev. J 98, pp. 77-1 1 1, 1998, which is incorporated by reference in its entirety, are useful 
in the present idveiition. / 



ATTORNEY DOCKET NO.: 05010.0078U2 

In another embodiment, the polyoxometalate I can be reacted with a con5)Ound 
having the generic formula wherein Y is silicon, tin, or an other p- or d-block 

element; L is a leaving group; R is an organic group, such as an alkyl, alkenyl, or 
aDcynyl group or an aryl group of to Qo'^ ^ ^ from 1 to 4. Suitable leaving 
groups for L include, but are not limited to, haUdes and alkoxides. In Scheme I, the 
oxygen of polyoxometalate I displaces L from YLR3 to form a new Y-O bond 
(conqjound IH). Any sfllyl, tin, or organic derivative of a p- or d-blpck element known 
in the art cian be used in the present invention, provided that the conpound has at least 
one leaving group. 

The counterion A can be any counterion known in the art. Exairples of 
counterions include, but are not limited to, quateraary ammonium cation, proton, alkali 
metal cation, alkaline earth metal cation, ammonium cation, d-block cations, f-block 
catibiis, or a cbmbination thereof. In one embodiment, the polyoxometalate is an acid, 
wherein the counterion A is hydrogen (H^). In one embbdinient, the counterion is a d- 
or f-block metal coric5)lex. hi one enibodiment, the counterion is triinethyl- 
triazacyclononane manganese. La another embodiment, the counterion A is hydrogeii, 
lithium (LiO, sodium (Na*), potassiuni (K^, or a combination thereof In another 
enitodinient, A is not hydrogen or pbtassto . 

In another eidbodiment, the polyoxometalate conprises a modified 
polyoxombBtalate, wherein the modified polyoxometalate comprises the admixture of (1) 
a pre-modified polyoxometalate and (2) a cerixuncorcpotind, a silver con5)ound, a gold 
con:q>ound, a platinum corcpound, a copper compound, a cobalt c6n[5)Ound, or a 
combination iiheredf The term "admixture" can refer to the reaction product between 
the polyoxometalate and the cerium conopound, silver compound, gold compound, 
platinunl compbund, or a combination thereof For exan5)le, the cerium con5)Ound, 
silver coir5)ound, gold compoimd, or platinum con^jound can uhdergo ion exchange 
with the counterion of the polyoxometalate. The cerium con5)Ound, silver compovind, 
gold compound, or platiuum compound can also react with the polyoxometalate by a 
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redox reiaction. The term "adinixture" can also refer to when the cerinia compound, 
silver coirpoimd, gold cont^xjund, or platinum coicpound do not react at all with the 
polyoxometalate. For exanple, the polyoxometalate may absorb the cerium compound, 
silver conopound, gold coiDpoxmd, or platinum conpound. 

In one embodiment, when the POM is the sodium, lithium, or potassium salt or 
the acid form (A is H*), the POM can undergo ion exchange with a cerium compound, a 
silver conqxDund, a gold cbn:5X>und, a platinum con^xDund, or a cornbination thereof 
For example, Ag5PV2MOio04o is produced by the ion exchange 6f Na5PV2MojLo04o with 
a stoichioinetric anoount AgNOg. Any of the POMs described above can undergo ion 
exchange with a cerium coii5)Ound, a silver conq^ound, a gold coirpound, a platinum 
compound. 

Depending upon the type and amounts of POM and cerium coDopound, silver^ 
compound, gold conq)OTmd, of platinum compound used, the ion exchange reaction 
noay or roay riot go to conqpletion: When the ion exchange does not go to coii5)letion, 
there naay be small population of Na% Li^, K*, or in the modified-pblybxometalate. 
For exaaple, whea H5PV2M010O40 is admixed with AgNOg, the resultant POM may be 
expressed by the formula Agj^^^ jf^Y^Oy^QO^Qy where x is from 1 to 5. Here, varying 
anwuQts of may be present in the POM^^ 

An exairple of a cerium con^oun.d useful in the present invention includes, but 
is not limited to, (NH4)2Ce(N03)6. Exan5)les of silver con[q>ounds useful in the present 
invention include, fcut are not limited to, AgNOg and AgC104. Examples of gold 
concpounds useful in the present invention include, but are not limited to, HAUCI4 and 
salts thereof An exanqple of a platinum compotmd useful in the present invention 
includes, but is not liinited to, . 

, In one embodiment, the coimterion is cerium, silver, gold, platinum, or a 
cordbinatiori thereof In another erobodiment, A is, independently, cerium, silver, gold. 
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or platinum In another erDbodiment, A is (1) ceriian and silver; (2) cerium and 
platinim; (3) ceriumi and gold; or (4) silver and gold^ 

In another embodiment, A comprises (1) hydrogen, lithium, sodium, potassium, 
or a conobination thereof, and (2) cerium, silver, gold, platinum, or a combination 
thereof. 

In one embodiment, (1) the pre-roodiSed polyoxpmetalate is H5PV2MO10O40; 
Na5iPVJMoio04o; Li5PV^Oio04o; K5PV^Oio04o, or a conobination thereof, and (2) the 
cerium compound is (NH4)2Ce(N03)5. In another embodiment, (1) the pre-modified 
polyoxometalate is H^PV^MoioO^o; Na5PV2MOio04o; LisPV^MOioO^o; K5PV2MO10O40, or 
a combination thereof; (2) the cerium con5)0\md is (NH4)2Ce(N03)6; and (3) the gold 
conq)0\md is HAUCI4. In another embodiment, (1) the pre-modified polyoxometalate is 
H5PV2M010O40; Na5PV2MOio04p; Li5PV2MOio04o; K5PV2MO10O40, or a combination 
. thereof; (2) the cerium compound is (NH4)2Ce(N03)6; and (3) the platinum coropound 
is HiPtQg. In another ©oabodiment, ( 1) the pre-modified polyoxometalate conoprises 
Na4PVMo,,04o; Na5PV2Mo,o04o; Na^PV3Mo5,04o; Na5H2PV4W804o; Na^V^o^04o; 
NasCuPWiiOs^; NasCuPWuOsj; Na^MnPWiiOgp; k^CoTW^^O^^^ in^ 
Dec^ JJ]S/Is3^ and (2) the gold compound is HAUCI4. 

In another erbbodiment, (1) the pre-modified polyoxometalate is Na5PV2MOio04o and 
(2) the silver con^imd is AgN03, AgC104, or a combination thereof. 

la another embodiment, the polyoxometalate comprises K^Co2W^fi^^\ 
K8SiCoVWio03p; K^SiCoVWioOsp; ^SizCo2W^iO^^; Ag5PV2MOio04o; Ag6PV3Mo904o; 
Ag8CoVWii04o; Agi2Ce(PW,iQ35,)2; Nai2Ce(PWHb^^^ Ki2Ce(PWi,039)2; 
Na5PCuWiib39; H6PV3MO9O40; or K5Cu"PWn039: In another embodiment, the 
polyoxonoietalate is not H^Py3Mo9045. 

Not wishing to be bound by theory, it is believed that some coxmterions of the 
present invention can be reduced to the corresponding metal when the polyoxometalate 
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contacts the contanunant. For example, when the cation is Ag"^* or Au*^, these cations . 
can be reduced to silver metal or Au*^, respectively, depending upon the contaminant 
that is to be removed. Thus, the counterion A can exist in multiple valence states. 

5 The phrase **metal conpound" refers to one or more transition metal 

compounds^ actinide coniipoxmds, lanthanide confounds, or a combination thereof. 
When the metal compound is only one conpound, then the material is directly treated 
with the roetal con5)Ound using techcdques desci^^ When the metal 

compound is contqwsed of two or more compounds, the material can be sequentially 

10 treated with the compounds, or alternatively, the metal compounds can be admixed 

prior to treating the material with the metal confounds. Depending upon the metal 
conpo\mds that are selected, the metal compounds may react with one another to form 
a new species, or they may not react at all with each other to produce a composition or 
mixture. Materials that contain a rbetal cotrpound of the present invention are reiferred 

15 : to herein as ^'non-POM materials." 

In one embodiment, the loetal conq)6und comprises a cerium compound, a gold 
coiiqx^und, a platiamn conpbixnd, a silver conpound, or a combination thereof Any of 
the ceriuni cojoopounds, gold compounds, platinum compounds, or silver compounds 
listed above can be used as the metal compound. In another embodiment, the metal 
con5)ound is a ceriura coicppund and a platiniom compound, preferably 
(NH4)2Ce(N03)6 and .H2PtCl^, respectively. In another embodiment, the metal 
conopoiind is a ceriuni conpound and a gold contpouiid, preferably (NHJjCeCNOj)^ 
and HAuQtj, respectively. In another embodiment, the metal conpound is a silver 
coni^und and a gold corcpound, preferably AgNOg and/or AgQ04 and ELAUCI4, 
respectively. In another emJbodiinent, the met^ compound is a cerium compounds, 
preferably (NH4)2Ce(N03V 

In another embodiment, the metal condpound coDoprises (1) gold, copper, and 
nitrate; (2) gold, iron, and nitrate; (3) gold, manganese, and nitrate; (4) gold, titanium. 
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and nitrate; (5) gold, cobalt, and nitrate; (6) gold and nitrate; (7) copper and lutrate; (8) 
iron and nitrate; (9) gold, vanadium, and nitrate; (10) gold, nickel, aad nitrate; (11) 
gold, silver, and nitrate; or (12) gold, chloride, aad nitrate. In a preferred embodiment, 
the metal corcpoxind comprises gold, chloride, and nitrate. In another embodiment, the 
metal corqpbund corc5)rises mixing (NEt4)AuCl2 with varying amoimts of CUSO4, 
MnS04, VOSO4, Ti(S04)2, Fe2(S04)3, NiS04, ZnS04, Cr2(S04)3, MgS04, C0SO4, 
Pd(NC)3)4, Na2S03, and/or NBU4NO3. In another embodiment, ttie metal compound is 
produced by mixing (NEt4)AuBr2 and NB1I4NO2. 

When.the metal conpound corqprises two or naore cbrr5)Ounds, the con5)Ounds 
can be admixed using techniques known in the art. In one embodiment, the metal 
confound can be produced by admixtag two or more metal salts. The anion of the salt 
can be any anion known in the art. Exarc5)les of anions include, but are not limited to, 
sulfate, carbonate, acetate, nitrate, chloride, and stearate. In one embodiment, when 
two or more con4)Ounds are used to produce the roetal conqx>uiid, the compounds are 
mixed in the presence of a solvent, preferably an organic solvent. la one embodiment, . 
After the conqjounds have been sufficiently admixed, the solvent is removed, and the 
metal compound is optionally dried. In biie embodiment, the djrying step is by vacuum. 

Any POM or metial con5)6und of the present invention can be incorporated iatb 
a material in order to remove a contaminant from the environment. Exairples of 
materials incliide, but are not liiiaited to, a topical carrier, a coating/ a powder, or a 
fabric. As described above, a material as tised herein refers to a support that holds the 
: POM or noB&tal conapbund. 

In one enibbdiment, the polypxometalate and the metal con^KJund can be 
incorporated sequentially into the materiaL In one embodiment, the polyoxometalate is 
incorporated into the material followed by the iacorporation of the metal compound 
into the materiaL In another embodiment, the metal compound is iacorporated iato the 
material followed by the iacorporation of the polyoxometalate into the materiaL 
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A wide variety of topical earners can be used in the present invent^^ Suitable, 
topically acceptable pharmaceutical carriers are those which typically are used in the 
topical application of pharroaceuticals and cosmetics. Examples of such carriers 
include, but are not limited to, lotions, creams, ointments, and gels. Topical carriers are 
also referred to in the art as barrier creams and topical skin protectants. Any of the 
topical carriers disclosed in U.S. Patent No: 5,607,979 to McCreery can be used ia the 
present invention, which is incorporated by reference in its entirety. In one 
embodiment, the topical carrier conprises a perfluorinated polymer. In another 
CTQibodiment, the topical carrier con5)rises a perfluoix)polyether. An exanple of a 
perfluoropolyether (PFPE) useful in the present invention has the general formula 
CF30[-CF(CF3)CF20-]^(-CF20-)yCF3). In one embodiment, the topical carrier 
conprises a perjQourinated polymer and one or more unfluorinated polymers. In 
another embojiiment, the topical carrier comprises a peifludropolyether and one oi: 
moreunfluorinated pplyethersl 

In one emboditoent, the topical carrier may further contain saturated or 
unsaturated fatty acids such as stearic acid, palmitic acid, oleic acid, palmito-oleic acid, 
cietyl or oleyl alcohols, stearic acid, fLuorinated acids, fluorinated alcohpls (e.g.i 
tetrafluoroethanol), or conibinations thereof. The cream naay also optionally contain 
one or more surfactants, such as a non-ionic surfactant. 

In one embodiment, the polyoxometalate topical composition is composed of a 
perfluoropolyether and the counterion A of the POM iis silver. In another embodiment, 
the polyoxometalate topical conopositipn is con5)osed of a perfluoropolyether and the 
metal coirpound is a silver coirppund, a gold corcpound, or a combination thereof. In 
another embodipaenf, the non-POM material coii5)rises a topical carrier con5)Osed of a 
peijQuoropolyether and the noetal con[5)ound con5)rises a silver con4)Ound, preferably 
AgNOjbr AgC104. 



In.another embodiment, the non-POM topical cort5)osition is corqposed a 
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perfhioropolyether and the metal con5)Oimd coicprises a cerium coirpound, a silver 
con^xDund, a palladium. corc^KDuiid, a platinum compound, or a silver compound. 

A wide variety of powders and coatings known in the art can be used as the 
5 material of the present invention. In one embodiment, the powder corqprises activated 

carbon. 

Any fabric known in the ait can be used to produce a polyoxometalate fabric or 
non-POM fabric of the presient invention. In one embodiment, fabrics used to prepare 

10 garments, draperies, carpets, and upholstery can be used and articles made froih them 

are a part of this invention- In another embodiment, the fabric can be a knit or non- 
woVen fabric^ Useful fibers include, but are not limited to, polyamide, cotton, 
polyacrylic, polyacrylonitrile, polyester, polyvinyhdine, polyolefin, polyurethane, 
polytetrafluoroethylene, or carbon cloth, or a combination thereof. In one embodiment, 

15 the fabric is prepared from cotton, polyacrylic, or polyacrylonitrile. In one 

enibodimimt, the fabric In another embodiment, the 

fabric coiqprises (1) a 50/50 blend of nylon-6,6 and cotton or (2) stretchable carbon 
blended with polyurethane. 

20 Any cellulosic fiber can be incorporated by a POM or metal coii5)6und to 

produce the polyoxbrdetalate fibers or non-POM fibers of the present invention. 
■ Exanq^les of useful cellulosic fibers include, but are not limited to, wood or paper. In a 
preferred embodiment, a polyoxonoetalate or the tnetal conipound of the present 
invention can be incorporated in paper in order to rerppve a contaminaht from the gas 

25 or liqmd phase. In one embodiment, the paper is waflpaper! 

- The dmotmt of polyoxometalate or metal couqpouhd incorporated into the 
material varies depending upon the contamiiiant to be removed and the material that is 
selected. There is no restriction on the amount of POM or metal cpnapound that can be 
30 • incorporated into the material In one enibodimen^ 
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tDetal con^und incorporated in the material is from 0. 1 to 95 % by weight of the 
polyoxometaiate material or non-POM material. In one embodiment, the lower limit of 
polypxometalate or metal compound by weight is 0.1, 0.5, 1.0, 2.0, 5.0, 10, 15, 20, 25, 
30, 35,40, 45, or50%, andthe upperlimitis30,40,50, 60,70, 80, 90, or95%. In 
5 one embodiment, when the material is a topical carrier, the polyoxometaiate or metal 

conpound is from 5 to 30 % by weight of topical con5)Osition. 

The present invention is capable of removing a single contaminant or nn^ 
contaminants from an environnaent The term "environment" as xxsed herein refers to 
10 any media that contains at least one contaminant. In one embodiment, the environment 

con^^rises a liquid phase. In another eihbodiment, the environment con5)rises a gas 
phase. 

, " •/ 

The term "remove" refers to, but is not limited to, the degradatib 

15 contaminant, the conversion of the cohtaininant into another compound that is either 

less toxic or nontoxic and/or nialodprous, or the adsorption of the contaminant by the . 
polyoxometaiate or the metal coirpound. The POM and naetal conpoxmd can degrade 
the contaminaht by a number of different mechanisms. For example, the POM can 
aerobicafly oxidize the cpntaminmt acetaldehyde (CH3CHO) Not wishing to be bound 

20 by theory, it is believed that the aerobic oxidation of CH3CHO proceeds by a radical 

chain mechanism (i.e., the initiation of the radical chain by CH3CHO + POM^x -> 
CHsCO+HPOM^. 

Contammants that can be renM)ved by using the pre 
25. are not limited to, an aldehyde, an aliphatic nitrogen conqjound, a sulfur con5)Ound, an 

aliphatic oxygenated conjpound, a halogenated coii^imd, an organophosphate 
con5)Ouiid, a phosphonotMoate conq^ound, a phosphorothioat^ 

corcpdund, a cMoiroethyl-amme con[5)Ound, a phosgene coirpound, a cyanic corrpound, 
or a combination thereof In one embodiment, the contaminant is acetaldehyde, methyl 
30 mercaptah, ammonia, hydrogen sulfide, methyl sulfide, diethyl sulfide j diethyl 
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disulfide, dimethyl sxilfide, dimethyl disulfide, tdmethylamine, styrene, propionic acid, . 
n-butyric acid, n- valeric acid, iso-valeric acid, pyridine, fomialdehyde, 2-chloroethyl 
ethyl sulfide, carbon monoxide, or a combination thereof. In another embodiment, the 
polyoxometalate materials and non-polyoxometalate materials can remo ve microbial 
5 life from the gas or liquid phase. Examples of microbial life include, but are not 

limited to, bacteria, protozoa, and viruses. 

In another enobodiment, the contaminant is a chemical warfare agent (CWA). 
The chemical warfare agents disclosed in Marrs, Timothy C; Maynard, Robert L; 

10 Sidell, Frederick R.; Chemical Warfare Agents Toxicology and Treatment, John Wiley 

& Sons: Chichester, England, 1996; Compton, James A. F. Military Chemical and 
Biological Agents Chemical and Toxicological Properties^ The Telford Press: 
Caldwell, New Jersey, 1988; Soriiani, Satu M. Chemicfd Warfare Agents; Academic 
Press: San Diego^ 1992, which are herein lacorporated by reference in their entirety, 

15 can be removed by the polyoxonaetalate inaterials of the present 

The preset invention can remove a contaxpinaat from the environment in the gas 
phase under mild conditioiis. In one eiiibodiment, the contaminant can be removed 
from -50 °C to 250 °C at a pressure of from 0: 1 ppb to 30 atm, preferably from 25 "^C 
20 to 105 ^'C at 1 atnoL In another embodiment, the lower temperature linait is -50, -40, 

-30, -20, -10, 0, 10, 20, 50, 75, 100, or 150 ''C, and the upper teroperature limit is 50, 
: 75, 100, 125, 150, 175,200,225, or 250. °C. In a preferred embodinent, the present 
invention can remove a contaminant frorb. the environment at room temperature 
(approximately 25 /'Q and at 1 atm In another embodiment, the present invention can 
25 remove a contaminant frx)m the gas phase that has a partial pressure of from 0.1 ppb to 

2 atDo, 10 ppb to 2 atm,; 100 ppb to 2 atm, 200 ppb to 2 atm, and 0.5 ppm to 2 atnoL 
Similarly, the present invention can remove a contaminant under roild conditions whed 
\'. . the environment is a liquid phase. In one embodiment, the contaminant can be 

removed from a liquid media at from 0 ""C to 200 °C. The tenperature depends upon 
30. the liquid media that is beiag contacted and the contaminant to be removed. 
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The POMs and roetal ponqxjunds are typically used in the presence of an oxidizer 
to remove a contarmnant from the enviroimient. In one enibodnnent, the POMs and/or 
metal compounds are used ia the presence of air, which oxidizes the POM and/or metal 
coiopound. In another embodiment, additional oxidizers can be used in combination 
5 with air to oxidize the POM and/or inetal coiiqx)und. Exan^les of oxidizers include, 

but fflre not limited to, peroxides and peracids. In a preferred embodiment, air is used as 
the oxidizer. 

The environment contaioing the contaminant can be contacted by the 
10 pdlyoxometalate materials or non-POM naaterials using a variety of techniques. For 

exan5)le, when the containinant is ia the liquid phase, the polyoxometalate material or 
non-POM material can be dipped or submersed into the liquid phase. Alternatively, the 
liquid phase can be filtered or passed through the polyoxornetalate material or non- 
POM miateriaL When the contaidinant is in the gas phase, the polyoxometalate material 
15 or non-POM noaterial is typically placed in an open or closed environment that contains 

the contaiqinant(s). 

The poiyoxbmbtalate materials or non-POM xoaterials of the present invention 
have a nuiriber of advantages over the prior art materials that do not use a 

20 . polyoxometalate to remove a contaminant from the environment. One advantage is that 
the present invention can remove a contaminant from the environment starting within 
milliseconds of contact and can remo ve the contaminant for extended periods of time, 
ranging from several days to indefinitely. The POMs and metal compounds used in the 
present invention are capable of being regenerated to an active form that peraiits the 

25 renroval of the contarninaht. Another adv£^^ 

con5)ounds can render the material naore water resistant and in 
the material Finally, when the material is a fabric or ceUulosic fiber, the POM and 
metal compound can enhance the dyeability, light fastness, color fastness, and weaving 
properties of the fabric or ceUulosic fiber. 
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The polyoxometalate and roetal coiBpound can be incorporated into the material 
using techniques known in the art. hi one eniodiment, when the inaterial is a topical 
carrier, powder, or coating, the polyoxoroetalate or metal compound is directly added to 
and admixed with the material. In another embodiment, the material (topical carrier, 
5 powder, coating, or fabric) is contacted with a mixture coii5)rising the polyoxometalate 

or naetal conpdund and a solvent. The jpolyoxoinetalate or metal coxi5)Ound can be 
soluble, partially soluble, or insoluble in the solvent, depending upon the 
polyoxbinetalate or metal coiipound and solvent selected. In one emLbodin]ent, the 
solvent is water. In another embodiment, the solvent can be an organic solvent. 
10 Examples of organic solvents useful in the jpresent invention include, but are not 

limited to, acetonitrile, acetone, toluene, carbon dioxide, xylenes, l-methyl-2- 
pyrrolidinone, dimethyl sulfoxide, or an alcohol, such as methanol, ethanol, 1-propanol, 
or2-propanoL . ^ 

15 In one embodiment, when the material is a fabric or cellulosic fiber, the 

polyoxomwetialate or metal compound mixtuire is from 0. 1 to 20 % by weight 
poiydxornetalate or metal coiBpound and from 80 to 99.9 % by weight water, preferably 
from 0.3 to 15 % by weight polyoxometalate or metal coiiq)Ound and 85 to 99.7 % 
water. Generally, the falxic or cellulosic fite 

26 containing the POM or metal compound for several hours to days at a temperature of 

from 0 to 100 X, preferably for 2 hours. to 2 days at 

another Embodiment,: the POM or metal gonqjound can be admixed with a resin or 
adhesive, and the resultant adhesive is applied to the surface of or admixed with the 
fabric or ceiDulosic fiber. 

'25'.- . •• . ■ ■ • /■ ■ .' ■ . . 

" Typically, once the naaterial has been contacted with the POM or metial conpound 
mixture, the polyoxometalate material or non-POM material is dried in order to remove 
• . residual solvent. In one embodiment, the polyoxometalate materials or non-POM 
material is belated from 0 °C to 220 °C at or below atmospheric pressure, preferably . 
30 from 25 ''C to 100 "C. In another embodiment, the polyoxoir^talate miaterial or non- 
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PQM material is dried in vacuo less thaa or equal to 10 tort). 

In another embodiment, when the material is a fabric or ceHulosic fiber, the POM 
or metal compound can be incorporated into the fabric or ceflulosic fiber by depositing 
the POM or metal concpound on the surface of an existing fabric or cellulosic fiber, 
covalently bonding the POM or metal coiiqx)und to the fibers of the fabric or cellulosic 
fiber, irqpregnating or intiiiiateiy rnixing the POM or metal conqpound with the fabric 
or cellulosic fiber, electrostatically bonding the POM or metal compound to the fabric 
or cellulosic fiber, or datively bonding the POM or metal coinpound to the fabric or 
cellulosic fiber via the coordination of a d- or f~ block metal.ion on the surface of the 
POM or metal compound with a functional group oh the fabric. In the case of 
electrostatically bonding the POM to the fabric or ceUulosic fiber, the positively 
charged functional groups on the fabric or cellulosic fiber and the negatively charged 
POM can form an electrostatic bond. In pne erobodiment, when the counterion of the 
polyoxometaiate is a proton or the metal coic^und is an acid, the fabric or celMbsic 
fiber can be protonated by the polyoxometaiate or metal con^xjund to produce a 
positively charged fiber, which then electrostatically bonds to the polyoxoinetalate or 
metal conopbund anion. In one embodiment, a cationic polymer can' be, used as a 
binding agent to iiicorporate an anionic polyoxometaiate or metal compound into an 
anionic fiber. 
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The following exancples are put forth so as to provide those of ordinary skill in 
the art with a con5)lete disclosure and description of how the compositions, materials, 
and methods claimed herein are made and evaluated, and are intended to be purely 
cx&oaplary of the invention and are not intended to limit tihe scope of what the inventors 
regard as their inventionu Efforts have been made to CTSuire accuracy with respect to 
numibers (e.^., amoiiiits, ten5)erature, etc.) but some errors and deviations should be 
accounted for. Unless indicated otherwise, parts are parts by weight, target 
odorants/toxics are expressed in parts per million, ten5)erature is in ''C or is at amihient 
temperature and pressure is at or near atmospheric. 

The term "consumption" or "consumed" refers to the removal or adsorption of a 
contaminant or contaminants from the enviironinent or the conversion of the 
contaminant oir contaixdnants to another conyound that is nontoxic ahd/or non- 
inalodorous. 

General CoBsiderations 

Materials. PFPE #1511 is conposed of 35-50 % polytetrafluoroethylene 
thickening agent dispersed in a perfluoropolyether oil with water as a co-surfactant. 
PFPE #1511 was provided by Dr. E. H. Braue of the United States Army Medical 
Research Institute for Qiend . 

An reagents used in tibe exan5)ies were obtained from Aldrich Cheinical 
Company, Milwaukee, WI, and were used without further purification. The following 
reagents were used in the examples (the purity of the reagent is in parenthesis): CEES 
(98%), HPLC grade acetonitrile, tetrafluorethylene (99.5%), 1,3-dichiorobenzene 
(98%), dimethyl sulfoxide (DMSO) (99.8%), AgNOs (99+%), HAUCI4 (99+%), CUCI2 
(99+%), FeCl3 (98%), AgC104 (99.9%), (NEtjAuOa, CiiS04 (99.99%), MnS04 (98%), 
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VOSO4 (99.99%), TiCSOJ^ (99%), Fe^CSOJs (97%), NiS04 (99%), ZaSp^ (99%), 
CT^iSOJ^ (99.999%), MgS04 (99%), C0SO4 (99.998%), Pd(N03)4 (98%), Na^SO^ 
(99%), and NBU4NO3 (97%). NBU4NO2 (98%) was purchased from Huka. 

5 Svntfaeasof AgJJac JPV.Mo,n0.n 

Na5PV2MOxo04o was prepared by the literanire procedure outlm 
L.; Andersson, L; Seffing, A.; Grate, J. H. Inorg. Chenu 1994, 55, 982. 
Ag3tNa5.JPV2MOio04o was prepared xising the foHo Ground 

10 H5PV2M010O40 (30.9 g, 1.78x10*^ nKDl) was dissolved in 200 ni The 

orange solution was filtered three tiraes to reraove any undissolved POM. Ground 
AgN03 (15.2 g, 8.94 xlO"^ raol) was added with vigoroiis stirring. The mixture was 
stirred overnight at room temperature. The product precipitated as a dark red-orange 
powder and was removed by suction filtration over a medium flitted glass funnel The 

15. product was dried in vacuo overnight. The JR spectrum of the resultant powder 

confirmed the fomiation of AgJ>la^,jJ?V2MOiQ04Q. 

Synthesis of Additional Poly nymetalates 

20 The following POMs Usted in Table 8 were prepared by Uterature procedures 

(the entry nximber in Table 8 and the bibUographical information are in parenthesis): 

NasCuPWaOsp; Na^MnPWiiOgp; KsMnPWuOs^; arid K5CoPWn039- (Entries 2-4 and, 
6, respectively; Maksimov, G. M.; Kustdva, G. N. ; Matveev, K. L; Lazarenko, T. P 
25 KoordKhim, 1989, 1^^ 

Na5Py2MOio04o and H5PV2M010O40: (Ento^ 
Stephen R; Pope, Michael T^ /. CAem. 5(?c., Da^ 

30 ; Na4PVMOii04o: (Entry 11; So, Hyunsoo; Pope, Michael T. Inorg. Chem. 1972, i7(6). 
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1441-3). 

Na^V3Mo5O40 and HyPVjMOsO^o- (Entries 8 and 21, respectively; Pope, Michael T.; 
O'Donnell, Stephen E.; Prados, Ronald A. /. Chem. Soc, Chenu Commun. 1975, 1, 22- 
3)., 



Na5H2PV4MOgO40 and H7PV4M08O40: (Entries 9 and 22, respectively; Yiurchenkp, E. N. 
J. Mot Struct. 1980, 50,325-31). 

.10 NajFeSiWiiOj, and K^FeSiWiiOsp: (Entries 12 aiad 36, respectively; P 

Weakley, T. J. R. /. C/iem. 5oc. A 1971, i2, 1937-400). 

. NajSiVWuG^o: (Entry 13; Toinne, Qaude; Tourne, Gilbert. ^«//. 5oc. 
4,1124-36)'. 

K8C^(II)P2W„06i: (Entry 15; Marcu, Gheorghe; Patruti Adrian; Botar, Ale 
/2cv. C/iim: (Bucharest) 1989, 40(11), 870-5). 



Ki2Pd3(PW9034)2: (Entry 16; Kiiznetsova, N. I.; Kxiznetsova, L. I ; Detvisheva, L/G.;^ 
2O Likholobov, V. A; Fedotov, M. A; Koscheev, S. V.; Burgina, E. B. Stud. Surf. Sci. 

CataL 1997, i/O (3rd Worid CoB^gress on Oxidation Catalysis, 1997), 1203- 121 1). 

K8Cu(II)P2Wi705i: (Entry 17; Hanilaoui, Mohamed Larbi; Vlassenko, Konstantin; 
Messadi, Djelloul C R. I'Academie Set, Ser. U Univers 1990, 572(7), 795-8). 

■••^25 • •'• ' ■ ' ■ 

Na4PVMoiiO40 and Na3PMOi204o: (EntrieslS md 19, respectively; So, Hyu^ 
/ Michael T. W 

Nai6P4W3oCu40n2: (Entry 24; Huang, Ru-Dan; Bei, Bao-Ii; Wang, En-Bo; Li, Bai-Tao; 
30 ~ Zhang, Su-Xk Gaodeng Xuexiao Huaxue Xuebao 1998^ 19(1 1), 1721-1723). 
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KioCeCPWuOas)^: (Entry 26; Peacock, R. D.; Weakley, T; J. R. /. CJiem. Soc. A 1971, 
12, 1937-40). 

KvCuSiWnOss and Na7CuSiWii039: (Entries 27 and 30, respectively; Teze, Andre; 
5 Spuchay, Pierre. C. R. Acad. Scu, Ser. C 1973, 27d(19), 1525-8). 

NasNiPWuOjs: (Entry 31; Maksimov, G. M.; Kustova, G. N.; Matveev, K. I.; 
La2arenko, T. P. raori^im. 1989, 75(6), 788r96): 

10 Na3AsWi204o: (Entry 35; Tsyganok, L. P.; Statsenko, V. P.; Vil'dt, A. L. Neorg. 

jKZiim. 1974, iP(ll), 3071-7). 

JCgNiPjWnO^i: (Entry 37; Hjuinlaoui, Mohamed Lari>i; Vlassetko, Konstantin; Messadi, 
DjenouL C. R I'Academie Scu, Ser. U Univers 1990, 5ii(7), 795-8). . 
•15 . ' ■ 

(Me4N)io(Co3SiW904oH6): (Entry 38; Nomiya, Ketiji; Miwa, Makoto. Polyhedron 1985, 
4(8), 1407-12). 

NajVioOjg: (Entry 40; PreusSy F.; Roseiihahn, L. /. Inorg. Nucl. Chenu 1912, 34(5), 
20 1691-703). 

k8F'2W„(lSnD02)b6i: (Entry 42; Gqng, Jian; Li, Guoping; Wang, Fuquan; Qu, Ltinyu. 
WujiHuaxue Xuebao 1995, 11(3), l^'^-T)- 

25 (NH4)6P2FeWi70<ii: (Entry 43; Peacock, R. D.; Weakley, T. J. R. J. Chem. Soc. A 1971, 

Issue 12, 1937-40). 

^MnODDPzWnOfii: (Entry 44; Marcu, Gheorghe; Patrut, Adrian; Botar, Alexandru. (1). 
ieev/C/iim. (Bucharest) 1989, 40(11), 870^5). 
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(NHOgPjWigOjz: (Entry 50; Vafga, Gideon M., Jr. ; Papaconstantinou, Elias; Pope, 
IVQchaelT. /nor^. Clicm. 1970, P(3), 662-7). 

Na9PV^0604o: (Entry 1; Ret'yakov, V. P.; Volkova, L. K.; Zimtseva, G. P.; Rudakov, 
E. S. Kinet. KataL 1993, 54(1), 183), 

Ki2Cu3(WjPP34)2: (Entry 10; Weakley, Timothy J. R.; Finke, Richard G. Inorg. Chem. 
1990,29(^,1235-41), 

KCNHJgRuBWiiOa,: (Entry 34; Liu, Huizhang; Sim, Wenliang; Yue, Bin; Li, 
Mingxing; Chen, Zhijiang; Jin, Songlin; Xie, Gadyang; Shao, Qianfen; Wu, TaUiu; 
Chen, Shiming; Yan, Xiaoming, Wuji Huaxue Xuebao 1997, 13(3), 251-257). . 

KioNi4P2Wi706i: (Entry 14; .Yoii, jDa^d K; Mffl^ 

DomaiHe, Petar J.; Evitt, Eric; Johnson, David. C; ISnke, Richard G. /. Am. Chem. Soc. 
1991, ii5(19). 7209-21). 

K10CO4P2W18O68: (Entry 39; Evans, Howard T.; Toume, Claude M.; Tpurne, Gilbert R; 
Weakley, Timothy J. R. /. Chem. Soc., Daltdn Treats. 1986, 12, 2699-705). 

K10Mn4(PW9O34)2: (Entry 41; Goinez-Garcia, C. J.; Coronado, E.; Gpnoez-Romero, P.; 
Casm-Pastor, N, /nor^. Cftgm. 1993, 5201^^^ 

KioCu^PjWigOes^ (iEntry 45; Wealdey, Tinjothy J. R.; Finke, Richard G. Inorg. Cheni. 
■ 1990, 2P(^, 1235-41): 

YLj^^i^i^O^^. (Entry 47; Gomez-Garcia, Carlos J.; Coronado, Eugenio; Ouahab, 
.I^cene: A/i^evv. C/im. 1992, iO¥(5), 660-2). 

Na6P4W3oMn(jb40u2: OEntry 49; Gonaez-Garda, C J.; Borras-Almenar, J. J.; 
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Coronado, R. Ouahab, L. /nor^. C/i«m. 1994, 35(18), 4016-22). 

K8C02W11O39: (Entry 29; Wahnsley, R J. Chem. Ed. 19^ 

5 • 0Sm4)i7Na(NaSb9W2i)O86: (Entry 5 1 ; Minami, N. ; Hiraoka, M. ; Izumi, K. ; Uchida, Y. 

Japanese Patent JP 081137.31 A2 1996, C/iem. Afcjfr. 1996, i25, 117542). 

Na3H3PM09034: (Entry 48; InoUye, Y.; Tokutake, Y.; Runihara, J.; Yoshida, T.; 
Yamase, Y.; Nakatai, A., Nakamura, S. Chenu Pharm. Bull 1992, 40, 805-807). 

10 

K8CbVWu04o: (Entry 28; Bas-Serra, J.; Todorut, et aL 5ynr^ i?eacf. /««?r^. Mef-'Or^. 
CW 1995, 25(6), 869-82). 

*. H2Nai4|Pe(in)2(NaH20)2(P2Wi5056)2]: (Entry 25; Shigeta,^S 

15 Baba, M. ; Kheiddn, A. M. ; Hill, C. L. ; Schina2d, R. R Antiviral Chem. Chemother. 

1996,346-352). . 

K6SiTiW„04o: (Entry 33; Blasecid, J. W. Top. Mol Org. Eng. 1994, 70, 373-385). 

20 K8Cu(]I)P2W„06i: (Entry 17; Marcu, Gheorghe; Patrut, Adrian; Botar, Alexandru. Rev. 

C/ii?n. (BiKjharest) 1989, 40(11), 870-5), . 

(n-Dec4)frEi]VInNb3P2Wi36«: (Entry 5^^ 
•2273-7). 

■■••25;- ■•• , '. 

The following POMs were prepared by the foflowing experm 



K5Si(NbO2)WaO40 (Entry 46): l.Og of K7HNb60i6 was dissolved in 75-mL of 
deiordzed HjO. To this solution, 2-nQL of 30 % H2O2 was added. A few drops of 3M 
30 HQ were added to bring ithe pH to approximately 6. KgSiWiiGaj (15.8 g) was added, 
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which resulted in gas evolution. To the swirling mixture, 25-inL of H2O followed by 
12-inL of 3M HCl were added. The color of the solution was yellow and the pH was 
approximately 1. The mixture was stirred for an additional 30 mrautes, then 14 g of 
, solid KQ was added, which resulted in the formation of a pale yellow solid. The soUd 
5 was collected by filtration and dried resulting in 4.7 g of K5Si(NbO2)WiiO40. 

Na^SiVNbWiiOsg OEntry 32): 6.64 g of K^Hb^Qip was dissolved in 800-mL of 
H2O. To this solution, 80-mL of 30 % H2O2 solution was added and the pH was 
adjusted to 6.0 with KOH. Solid K9S1VW10O39 was added slowly to produce a final pH 
of 8.5. To dais mixtiore, 40i-mL of 3M HCl was added dropwise. The addition was 
stopped occasionally to agitate the solid. The solution was then stirred for 15 minutes. 
Additional 3M HCl (40-mL) was added to give a pH of 1.5. The solution was stirred 
for 1 hour, and 160 g of solid KCl was added. The orange precipitate was filtered off 
and dried, yielding 40.85 g of K^SiVNbWuOg^. K^SiVNbWiiOsp and water were 
passed through an Anoiberlite IR-120 ion exchange column which was charged with 1 M 
NaCL The volatiles were removed fironl the collected solution by vacumri to produce 
Na^SiVNbWiiOgp as a yellow, o^staHine solid. The Anoiberlite is a product of Rohm 
and Haas and was purchased firom AldriclL 

20 Instrumentation. Gas chronoatography analysis was conducted using a 

Hewlett-Packard Series 5890 Gas Chrbmatpgraph eqilipped with a flame ionization 
detector and fitted with a non-polar 5% PHME siloxane, 30 meter column. 
Altemativ6ly, the gas chromatograph was equipped with an FED detector and a 5% 
phenyl methyl silicone capillary cdlimm. Mass abundance determinations were 

25 performed using a HP 5890 GC with a 5% phenyl naethyl silicone capillary column and 

a 597iA Mass Selective t)etectpr. Gas chromatography/oiass spectroscopy was 
perforaied using a Hewlett-Packard Se:ries IT 5890 Gas Chromatograph equipped with a 
597 1 A mass selective detector and fitted with a non-polar 5 % PHME siloxane, 25 
meter colvimn. For both GC and GC-MS, nitrogen was used as the carrier gas. In 

30 Exanples 5 and 6, all reactions were monitored using a Hewlett-Packard 6890 gas 
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chromatograph with flame ionization detector and HP-5 (5% phenylmethylsilicone 
capillary column. UV-visible spectra were run on a HP 8452A Diode Array 
Spectrophotometer. The percentages of OjOf the reaction atmosphere were varied 
using a Series 810 Mass Trak flowmeter with dried argon as the other gas. 

Example 1 ; Oxidation of CEES to CEESO by a POM/TSP Mixture under 
Ambient Conditions after 40 Days. 

PEPE #1511 (0.525 g) was combined with Ag,Na5.JPV2MOio04o (0.^^ 
10"^ mol) to give a 11% weight/weight PGM/cream mixture. The PO^f^/cream mixture 
was placed in a 18 loL glass vial fitted with a poly(tetrafluoroethylene) (PITE) stopper. 
A sufficient amount of 2-chloroethyl ethyl sulfide (CEES) was added to the mixture to 
concpletely submerge the POM/cream mixture. After 40 days, 10 of the CEES 
solution surrounding the POM/cream mixture was removed and diluted into 100 |LlL of 
2,2,2-trifluoroethanol (TFE). GC-MS of this solution showed the presence of 2- 
chlbroethyl ethyl sulfoxide (CEESO). : 
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Fxam plp 2 ; Osidation of CEES to CEESO by POM/TSP Mixtures under Ambient 
Conditions. 

. The GEES conq^osition used in all trials was con5)osed of 9.0 mL of CEES 
combmed with 100 fxL of 1,3— dichlorobenzene, where the 1,3-dichlorobeiizene was 
added as an internal reference. Each POM/PFPE #151 1 cream niixture (approxinoately 
0.3 g) was smeared at the bottom of an 18 mL glass vial and fitted with a PTFE cap. 
The CEES corcposition (1.0 naL) was then added and each vial was left undisturbed for 
several days under ambient conditions, with periodic GC analysis of the 
CEES/reference solution to check for CEESO formation. For GC analysis, 10 of 
the CEES/reference solution surrounding the PGM/cream mixture was diluted in 100 
|iL of TFE and analyzed. The results are shown in Table 1. 



Table 1 


Entry 


Catalyst 


Weight 


Turnovers after 






Percent* 


9 Pays* 


.■ .1 ■ . 


careamonly 


N/A 


0 


2 


AgNOs 


20.3% 


0 


3 


H^VJSlo.oO^o 


5.8 % 


0 


4 


H,PVjVlo,o04o 


20.8% 


0 


• 5. ■ 


Ag,Na5.JPV2Mo,o04o 


5.6% 


0 


6 


AgJ^Ia,.^V2Mo,o04o 


20.6% 


0 




HAuCV 


7.1% 


0 


8 


HAuC]4,AgN03 


7.6% 


■'5- 




AeClO/ 







"Wi&ight Percent = (mass of POM (g)) / (mass of cream (g) + mass of POM (g)) x 100 
^ Turnovers = (mol of CEESO/ moi of catalyst) X 1^^ 

This mixture was composed of 1 equiv. of HAuCl^, 1.25 equiv. of AgC104, and 0.75 
equiy. of AgNOg. The weight percent is reported as the (weight of all coiiiponents, 
; g)/(weight of creaim, g + weight of con^x^nents, g) x 100 
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Kyam plp ^; Catalytic Oxidation of CEES by POMs in 2,2,2-Tiifluoroethanol after 
14 Days under Ambient Conditions. 

A CEES solution was prepared by mixing 85.8 mM of CEES; 1.5 1 x 10"^ to 
5 1.82 X 10'^ mol of catalyst; 100 juiL 1,3-dicMorobenzene (internal standard); and 85 oaL 

of 2,2,2-trifluoroetbanol, at 25 "C under ainbient air. In a typical run, 5.0 mL of the 
CEES solution was combined with enough catalyst to yield a CEES :POM ratio of 20: 1 , 
and the mixture was stirred for 14 days. The results are shown in Table 2. 



Table 2 


Enliy 


, Catalyst 


CEESO Turnovers" 


1 


AgNOa 


0.42 


2 


Ag3.J>VJVlo,„0^ - 


8.13 


■ 3.. • 


Ag^^JPVMo„O40 


1.18 


4 


N%PV2Mo,o04o 


0.00 


5 


K5CoVW„O40 


0.00 


6 


K5Cu°PWii039 


15.33 


7 


AgJC„,Ce(PW„03,), 


4.47 ■ 


8 


(NH,),Ce(N03)6 


18.53 


9 


AfiJU,Ci^PW„0,o 


15.21 



" Tvimbvers = (mol of CEESO/ mol of catalyst) x 100 



25 



. ■■ ■ 35- 

ATTORNEY DOCKET NO.: 05010.0078U2 
Example 4 : Aerobic 0:8id[atioiL of Acetaldehyde Catalyzed by Polyoxometalates. 

In a 20 mL vial, 0.961 mmol acetaldehyde, 2 mg of POM, and pentane (internal 
standard) (34.7 iilS) were stirred in 2 xnL of chlorobenzene \mder 20 noiL (0.82 namol) of 
O2 at 298 K for 24 hours. Under these conditions, the POM was totally insoluble at all 
times during the reaction^ For die cloth sanples, the polyoxometalate was deposited as 
a 5% by weight solution of HjO and subsequently dried, BHT (2,6-di-tert-butyl-p- 
ciresol) was used as a radical inhibitor in a 1.2 mol ratio versus POM. The aerobic 
oxidation of acetaldehyde by the POMs is shown in Table 3. 
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^ Equivalents of Acetaldehyde = moles of acetaldehyde (material)/inoles of POM. For 

the last three reactions (Entries 5-8) after 24 h another 0.961 mmol acetaldehyde was 

added, and the suspension was allowed to stir for an additional 8 h. All values are 

averages of two experiments' 

Conversion = (moles of acetaldehyde consumed/moles of initial acetaldehyde) x 

100. 

^ % Yield = (moles of acetic acid/moles of initial acetaldehyde) x 100. 

^ Tumovers = [moles of acetic acid (in the run with catalyst) - moles of acetic acid (in 

the blaii run without catalyst)]/tm 

Exampte 5 : Aerobic Oxidation of Tetrahydrothiophene in Liquid Phase by 
Modified Polyoxometalates and Metal Compounds. 



Tetrahydrothiophene (THT) (0.445 mmol, 0.64 M) and 1,3-dichlorobenzene 
15 . (internal standard) in the presence or absence of the polyoxometalate and/or metal 

compound were stirred iq 4 mL of acetonitrile in 20 mL vials under latm Oj at room . 
temperature. The aerobic oxidation of THT by modified polyoxoroetalates and metal 
corcpounds is shown in Table 4. In Entries 3-7 and 12, 2 x 10"^ mol of polyoxometalate 
or metal conpouiid was placed in the vial before adding the reagent and intemal 
20 standard. In Entries 8-14, the polyoxometalate and metal compound (Entries 1 1 and 

14)or the metal coirpounds were placed in the vial before the addition of t^^ 
: and the intemal standard. In Entries 8-14/ 2 x 10"^ mol of each POM or metal 
con5)bund was iised iti a 1/1 raitib. 
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Ta]>le4 






Xime (Tol) 


Yield %" 




1 

1 






0 




2 . 


Blank' 


72'' 


0 




3 


H5PV2MO10O40 




0 


u 


4 


HAUGI4 


3.5 


0 


0 


5 


HAUCI4 


. 72'' 


0 


0 


6 


(NH4)2Ce(N03)6 


3.5 


14 


12 


7 


(NH4)2Ce(N03)6 


. 72'' 


26 


ICQ 


8 


(NH4)2Ce(N03)6 + 
H5PV2MO10O40 


3.5 


14 


12 


9 


(NH4)2Ce(N03)6 + 
HAUCI4 


3.5 


67 


57 


10 


(NH4)2Ce(N03)6 + 
HAUCI4 


72'' 


76 


293 


11 


(NH4)2Ce(Np3)6 + 
HAUCI4 + H5Py2MOio04o 


■ ^.s' • ■• 


65 


56 


12 


HjPtClV 


3 ■/ 


0 


0 


13 


(NH4)2Ce(N03)e+. 
H^PtCle 


■■■.■."3- ■' 


25. 


21 


14 


(NH4)2Ce(N03)a + 
HyE»tCl5 + H5PV2MOio04o 


■ ■ 3 ■ . . 


26 


23 



Moles of IHTO / moles of initial THT. 
' Moles of TEITO / moles of catalyst 
' No catalysts. 

■ ' More THT Jflid O2 aiddbd to the ie£u;tion system after 24 hr of initial reaction. 



■ . • " 39 

ATTORNEY DOCKET NO : 05010.P078U2 

Example 6 : Aerobic Oxidation of CEES in Liquid Phase bv Modified 
Polyoxometalates and Metal Compounds. 

CEES (0.337 mmol, 0.64 M) and 1,3-dichlorobeiizene (internal standard) in the 
presence or absence of the polyoxometalate and/or nietal con5)6uDd were stirred in 4 
DoL of acetonitrile in 20 mL vials under latm of O2 at room tencperature. The aerobic 
oxidation of CEES by modified polyoxometalates and metal conDpoxmds is shown in 
Table 5. In Entries 2, 3, 5, and 6, 2 x lOr^ inol of polyoxometalate or metal con^^ound 
was placed in die vial before adding the reagent. In Entries 4 and 7-12, the 
polyoxonaetalate and/or the metal coir5K)und(s) (2 x 10"^ mol) were placed in die vial 
before adding the reagent solution. . 
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Table 5 


Entry 


Catalyst 


Time 
(day) 


Conversion 

. %" 


Yield %* 


Turnover* 


1 


Blank^ 


3 


0 


0 




2 


HAUCI4 


3 




0 


0 


3 


H5PV2MO,o040 . 


3 


1 


0 


0 


4 


HAuCL + HJPVJvIo.nO^n 


3 


12 


3 


2 


5 


(NH4),Ce(N03)6 


1 


16 


8 


5 


o 




•2 


^0 






7 


(NH4)2Ce(N03)e + HAUCI4 


1 


28 


9 


6 


o 


(NHJjCeCNOs^g + HAUCI4 




57 . 


36 . 


24 . 


9 


(NH4)2Ce(N03)6 + 


1 


47 


24 


15 


10 


(NHACe(N03)6 + 
H5PV2M010O40 


3 


64 


41 


27 


11 


(NHjjCeCNOs)^; + HAUCI4 
+ H5PV2Mo,o04o 


1 


53 


43 . 


28 


12 


(NH4)2Ce(N03)6 + HAUCI4 
+;H5PVjMOio04o 


3 


82 


70 


46 



" Moles of C3EES consumed / iQDles of iiuti^ 

* Moles of CEESO (the GC response factor of CEESO is assumed the sanae as that bif 

CEES) / moles of mtial CEES. 
Moles of CEESO (the GC response factor of CEESO is assumed the isame as that of 

CEES) / moles of catalyst 
'' No catalyst. 



41 

ATTORNEY DOCKET NO.: 05010.0078U2 

Kyflinpli' 7i Aerobic Oxidation of CEES in laquid Phase by a Polyoxometalate and 
IIAua4. 

Each POM (9,61 x lOr^ mol); HAuCl, (4.8 x lOr' mol); 1,3-dichlorobeiizene 
(9.61 X IQr* mpl), and CEES (9.61 x 10"* mol) were stirred in 4 mL of acetonitrile imder 
20 mL (0. 82 mmol) of Oj at 298 K The aerobic oxidation is shown in Table 6. 



Table6 


Entry 


Catalyst 


Time 


TmnDvers" 


Time 


Turnovers* 






(h) 


ofCEESO 


(h) 


ofCEESO 


1 


Na4PVMoiiO40 


4 . 


0 


11 


1.1 


2 


NasPVjMOioO^o 


4 


5.0 


11 


10.6 


3 


Na,PV3Mo,0,o 


. 4 


7.0 


11 


18.3 


4 


Na5H2PV^Wsp4o 


.4. . 


4.4 


11 


14.2 


5 




4 


5.6 


11 


20.7 


6 


NajCuPWiiOj, 


.4 


59.2 


11 


83-6 


7 


HAUCI4 


4 


0 


11 


0 



" Turnovers = (moles of CEES O (catalyst run) - moies of CEESO (blank rim))/iiioles of 
catalyst 
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Kyam pIP X ; Aprnhir ratalvlir OYiHatinn of rKRS! tn thp Sliilfn^HA (ri7T752n) i.e;w.g 

AgN03/HAua4 System (non-POM system). 

A metal compound solution was prepared by combining AgN03 (1.0 x 10"^ mol) 
5 and HAUCI4 (5.0 x 10"^ mol) in 1 mL of acetonitrile. To this solution was added CEES 

(3.0 X 10"^ mol). Upon addition of CEES to the solution, a white precipitate 
ioomediately formed. The precipitate is believed to be a silver containing salt, possibly 
coordiniated to CEES; The solution was allowed to stir for 100 hours, at which time 
there was loss of CEES in the solution based on gas chromatography. The filtrate was 
Id taken to dryness, and a solution containing excess CEES in acetonitrile was added to the 

yellow oily residue. Gas chromatography of the solution confirmed the formation of 
CEESO. The results are shown in Table 7 (entries 1-7). 



V Example 9 : Aerobic Catalytic Oxidation of CEES to tiie Sulfoxide (CEESO) using 
15 Ag]S03/AgC104/HAuCl4 System (non-POM system)- 



A 20 mL vial fitted with a PTE^E septum was purged with 1 atm of O2. To this 
vial were added by syringe, 0.035 mL of AgNOj (0. 1013 M in acetonitrile); 0.060 mL 
of Aga04 (0. 1 138 M in acetonitrile); and 0. 1()0 n3L HAuC^ 
20 and the total volume was adjusted to 1 mL with the addition of HDPLC grade acetonitrile. 

To this solution, 0.36 mL (2.86 x 10"^ mol) of CEES were added to the solution, and the 
formation of CEESO was monitored over titne by gas chromatography using 1 ,3- 
dichlorobenzene as the internal reference. The results are sunnnarized in Table 7 
(Entries 8-11). 
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Table 7 


Entry 


Catalvst 


Time 

(hrs) 


TurnoveT^ 


1 


2 AgNOg 


100 


0 


2 


2Aga04 


100 


0 


3 


1 HAuCl, 


100 


0.9 


4 


2 AgNOg + 1 HAUCI4 


1 


13.0 


5 


2AgN03+ IHAUCI4 


2 


21.3 


6 


2A«NO,+ IHAuQ^ 


24 


83.5 


7 


2 AgNOa + IHAuCl, 


100 


146.3 


8 


0.75AgNO3 + 1.25AgCL, + IHAuCl, 


1 


38.3 


9 


0.75AgNO3 + 1.25Aga4 + IHAuCl, 


2 


50.2 


10 


0.75AgNO3 + 1.25AgCl4 + IHAuCl^ 


24 


141.9 


11 


0.75AgNO, + 1.25AgCL + IHAuCU 


100 


208.7 



Moles of CEESO/ moles of catalyst (catalyst is based oh moles of HAuQ^ used). 
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Example 10 : Aerobic Oxidation of CEES by POM/HAuOU and Metal 
Compound/HAuCX Systems. 

One equivalent of the POM or metal conapound was combined with five 
equivalents of HLAUCI4 in acetonitrile, wherein the total volume was 1 mL. To this 
solution, 100 equivalents of CEES was added. The reaction was conducted under one 
atm of O2 at 298 IC The nurbber of turnovers were calculated at 4 and 1 1 hoiirs, and the 
results are smniiiarized in Table 8a. 



Table 8a 


jc#mry 


1: wiVX \3± iVlCUtl. ^UJUJLptlUllU 


JL UUrJULUVCJTd 


J. lUTliUYcId 


1 

1 


Mci PV \Ar% 0 




90 7 


9 








rt 

D 






9Q n 


4 




38 9 


71 9 


«y 




5 1 


27 9 


6 


KePMnW,.0-,« 


51.8 


76.5 


■ 7 


Na<P VoMo , oO.. A 


5.0 


10.6 


8 


Na.PV,Mon0^n 


7.0 


. 18.3 


9 


Na;HoPV^Mo«0;.n 


4.4 


14.2 


10 


K„Ctt,(WoPOO, 


5.1 


12.2 


11 


Na^PVW„0,o 


1.6 


8.7 


12 


NaJFeSiW„Oa„ . 


0.9 


4.6 


13 


Na^iVW„0.„ 


0.0 


2.3 


14 


K,^i,P,W„0„ 


3.5 


7.5 


15 


K«Co(IDP,W„0„ 


1.0 


2.5 


16 


K.JPd,(PWoO^), 


- 4.2 


6.4 


17 


K,Cu(-IDP,W„0« 


2.0 


4.7 


18 


Na^PVMo„0^n 


0.0 


1.2 


19 


Na,PMo„0^„ 


CO 


0.1 


20 


H^V,W,„0^ 


0.0 


1.4 


21 




0.0 


1.2 


22 


H,PV4W.O.„ 


0.0 


0.9 


23 


HAuOa 


0.0 


0.0 


24 


Na,J>.W,nCu.O,„ 


1.5 


1.5 


25 


H,Na,.rFeaiD,(NaH,0),(P,W„0,.),l 


1.0 


1.6 


26 


K,r,CeCPW„0,o), 


0.6 


0.7 


27 . 


K,CuSiW„0,o 


1.0 


1.1 


28 


XCoVW„0.„ 


1.3 


1.1 


29 


K«Co,W„0,o 


1.5 


1.0 


30 


Na,CuSiWi,0,o 


1.1 


1.1 


31 


Na.NiPW„0,« 


0.6 


0.9 
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32 


Na«SiVNbW,.0,„ 


.0.7 


0.6 


33 


K.SiTiW„0^ 


0.6 


0.4 


34 


K(NHJ«RuBW„0,o 


0.7 


0.9 


35 


Na^AsW^O^n 


0.7 


0.2 


36 


IC;FeSiW„0,o 


0.9 


0.7 


37 


K«NiP,W„0«, 


0.9 


0.9 


38 


(Me.K),„(Co,SiWoO.Ji;) 


1.8 


1.9 


39 


K,„Co.P,W,«0« 


1.3 


1.6 


40 


Na,V,„0,, 


1.8 


1.7 


41 




1.3 


1.4 


42 


K«P,W.,CNbO,) 


1.1 


0.9 


43 


(NH.).PJFeW„0.. 


0.6 


0.5 


44 


K,Mn(IDP,W„0., 


1.0 


0.8 


45 


K,J>,W„CuuO«, 


1.2 


1.9 


46 


K,Si(NbO,)W„0^„ 


0.9 


0.7 


47 


K„P,W,„Ni,0« 


1.0 


1.8 


48 


Na,H,MOoO^ 


0.8 


0.9 


49 


NaJ>,W,jV[a(ID.O„, 


1.1 


1.4 


50 


rNH.).P,W..O., 


0.0 


0.3 


51 


(NHJ„Na(NaSboW„)OB« 


0.5 


1.8 


52 


CuCl, 


0.0 


0.4 


53 


Fea, 


0.3 


0.5 



Turnovers after 4 hours 
* Turnovers after 1 1 hours 



Additional POM and/or metal conqwunds that were tested can be found in Table 

8b. 



Table 8b 


Entry 


Compound A 


Compound B 


1 




5HAua, 


2 


Na^PVMOnO^n 




3 


Na4PVMo„0^„ 


5HAuCU 


4 : 






5 


Na^Vjy[o,oOan 


SHAuCU 


6 


Na^V,Mo„04n 




7 


NaJPV^MogO^o 


5HAuaL. 


8 


Na^,PV4Mo«0^ 




9 


NaJH^PV^Mo^O^o 


5HAUCI4 


10 


NaJPV«Mo«Oa„ 
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11 




5HAuCL 

^ XX.£&.iXV^J4 


12 


Na.PVW,.0.„ 




13 


Na.PVW„0.n 


5 HAuCL 


14 






15 


Na,PMo,oO.^ 

J. ^ tl^A XTAW|2^^4f) 


5 HAuCL 


16 




5 HAuCL 


17 

J. / 


CTBA^cCuPW 


5 HAuCl 


IR 

1 o 


Mo MnPW O 

X^cX^XVXXXL '^'ll^^'^P 




J. 27 


Na^MnPW O 

X ^ cX^XYXXXX » ' J 1 ^~''^9 


5 H AuCl 

J Xii».LXV-^JL4 








21 
J. 


Na^FeSiW O 




99 


Na^SiVW O 




9^^ 


xN "5*31 V VV ^ ^ ^40 




9J. 






9^ 


Mq p V wo 




9^ 


Ma p V w n 




97 


Mji PV W O 




Zo 


Mji PV w n 




9Q 


Ma PV WO 






Ma P W Pn n 






Ma P W Pn O 




^9 






















5 HAuCl 

*J xxx».ix\^i4 




K^CuSiW 




•J i 


K^CuSiW,,Oon 


5 HAuCL 


38 


KcC0VW,,0^n 




39 


KcCoVW,,0^a 


5 HAUCI4 


40 


K^CoPW,,0.jQ 




41 


K^CoPW,.O^o 


5 HAuCL 


42 


KcCo-,Wi,Ooo 




43 


KoCOnW.^O^n 

x^^j{V_^2 ''11 


5 HAuCL 


44 


f NDec^'i^HMnNb^Po W, cO^, 




45 


TNDec.) JlMnNboP^ W, <0<, 


5 HAuOj 


46 


Na,CuSiW„0,, 




47 


Na,CuSiW„0,<, 


5 HAuCl, 


48 


. Na,NiEW„0„ 




49 


Na,NiPW„0,„ 


5 HAuCL 


50 


Na«SiVNbW„0,p 




51 


. Na«SiVNbW110„ 


5 HAuCl, 


52 


KJ'MnW„0,o 
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Dj 


jrWj^lYJLLl w 11 yj'^q 


^ TTAnPl 








DD 


K SJiTiW O 


5 HAiiPl 


•JO 


Kr'NH RuRW O 

JV^l>IXl4^5lVtLD VV 11 V-Z-^Q 




Df 


KfNH RuRW O 


5 HAuCl 


DO 


I'M <t^^\S> W 1 7>-^40 






IN <X^/TkO VY J pX^^o 


S HAuPl 




J\^;^coi VV 1 1 Vy^g 




/CI 


jv^eo 1 w 1 1 vy-^Q 


^ PTAnPl 


OZ 


js^JNir,w,7U6i 




/CI 




c tJAiiPl 


o4 


(Me4iN ) , o(^0,5i WQU4orl6; 








^ TTAnPl . 


DO 


KioC04i:'^W,RU6R 




67 


KinV-'04l:',W,RUfiR 


< TJAi-iPl 


/CO 

oo 


JNa,V,o^7R 




69 




^ TTAnPn 
J XlAUL^J4 


70 






71 


K,o(MJ]u)(rWgU^)^ 


^ TTAiiPl 
D Jrl/Vul^J4 


72 


V r\t nxT i>pi \ 




73 


XT Pn rvx/ ^ 




/4 


IT Mi "P TXT O 










/O 






TO 
/ / 


IT P W /"MKO ^ 




/o 






TO 


rwTT ^ p pf*w o 
(JNrt4;6r^evvi7UM 




<su 






Q1 

oi ■ 
















5 H AuCL 




JV7iVXMvJ-«-7A 2 17^61 


5 HAuCL 


■ 




5 HAuCL 


. oo . 




5 HAuCL 


97 

Of 




5 HAuCL 


oo 




5 HAuCL 


89 




5 HAuCl, 


90 


- . Na,P4W,^(ID40,,, 


SHAuCl, 


91 




SHAuCl, 


92 


(NH4),.Na(NaSbgW,i)0«. 


SHAuCl, 


93 




5 Cu(acetate), 


94 


Na.PV.Mo,n0.n 


5 Cu(acetate), 
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yD 










Mo pv Mo O 






Q7 








QR 
3f o 


isJo PV Mo 






QQ 




«7 XT JULX\^^ 




inn 


Na^PV Mo « 


J XTXXXV^2 




ini 




s Pun 






Mia PV \An O 












10 


1U4 
















1 n/^ 


Mo PV \/fr\ O 






1 rv~i 
lU/ 








1 r\o 
lUo 


KTo T>V \Ar\ r\ 




1 c ■ 

15 


1 AO 


KTo P\/ \At\ r\ 






IIU 


XTo PAT" ^Ar\ r\ 






111 
111 


KTo r>A/ A/Trt 






112 








113 






20 


114 








lie 
IID 


TSJo OiiT^WT" O 
IN o^l^Ur VV , , V_/^Q 




- 


11^ 
llo 








tin 
11/ 




J \— rxNv-/-^ 




1 1 Q 

iio 


Ma OiiPW O 


S PofNO 

J V_-.UV^lNV-/'^^2 


2d 


iiy : 








ion 








lO 1 


Mfi rSiPW O 


S ZnCNO 






Mi* PiiPW O 

AN a^V^lUr VV 1 1 V^^^Q 


5 CuCNO->)2 














Mo PtiPW O 


5 ZnfNOSB 








5 Cu(acetate)7 








5 Fe( acetate) 9 




IZ /. 




5 MnOo 




17S 




5 NaNO, 




170 


T 1 P VW O 


SHAuCL 




i^n 








131 


AgNO, 


5 HAuCU 




132 


NaNO, 


SHAuCU 




133 


. NaC104 


5 HAuCl, 


40 


134 


AgaOa 


5 HAuCl, 




135 




5 HAuO, 




136 




5 fNH.),Ce(NO,). 
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XD / 






IDO 








Ma pVMo O 












Mo PVMo O 






Ma PnPW O 






Mo PVMo O 


S FT PtPI 


144 

All 


Na^CuPWllO^o 


5 HoPtCL 


145 


Na^VMo„O40 


5 Pd(NO,), 


146 


Na^CuPWij^Oap 


5Pd(NO07 


147 


NaJPVMo„04n 


5 RhCl, 


148 


Na,CuPW„0„ 


5 RhCU 


149 


NaJPVMo„O40 


5ReO, 


150 


Na,CuPW„0„ 


5 ReO, 
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EMmjgOell: Oxidation of CEES to CEESO by Metal Compounds (non-POM). 

(a) Determiiiing the Stoichinmetrv of O^ in flie Catalytic Osidation of 
CEES, A Schlenk flask fitted with septum was attached to a manometer and purged 
with O2. To the flask containing 1.36 mL of acetonitrile, solutions (aH in acetonitrile) 
of 0.200 mL of (NEt4)AuCl2 (5.0 x 10'* mpl), 0.188 mL of Aga04 solution (1.0 x 10"^ 
mol), 0.094 mL NBU4NO3 solution (5.0 x 10"^ mol), 0.166 mL 1,3-dichlorobenzene (7,5 
X 10"^ mol) (intemal standard for GO), and 0.084 mL CEES (3.8 x 10"^ mol) were added. 
The cohsunc^tion of O2 was recorded, and aliqupts were periodically taken and injected 
into the GC. The stoichiometry of O2 consunqDtion was established using a manometer 
to deterrrune the amount of O2 consumed while simultaneously monitoring CEESO . 
formation with a gas chromatograph Figure 1 reveals that one eqmvalent of the 
CEESO formed corresponds to 0.5 equivialents of Oj. 

(b) CrMTn Formulation Reacflons, Experiments were performed iisiog the 
perfluorinated oil, Galdien D02, and Fomblia perfluorinated polyether oil as "solvent," 
bothof wMch are coii^^onents of the cream. Sanqjles were prepared by adding 
conaponents together, dissolving in a iriinirQal ainount of acetomtiile, stirrihjg for 10 
minutes, and then removing the solvent by vacuum. 

In aH the cases where (NEt4)AuCl2 was used as the gold compound, 1.25 x 10'^ 
mol of the gold compound was used. The other cbnq^onents which were varied in 
quantities were NBU4NO3 (125 x 10-^-1:25 x 10"^ mol), and a CUSO4 (1.25 x 10'^- 
1.25 X 10:^ mol) (Table 9). The gold, copper, and/or nitrate salts were adnrixed in 
acetonitrile, then the solvent was removed by vactium. After the mixture was dried by 
vacuum in a Schlenk flask, the flask is attached to the manometer and the apparatus is 
purged with O2. After purgrag, 7.0 mL of the perfluorinated fluid was added to the 
flask. The system was equiiibrated to atmospheric pressxire then sealed from any 
external. atmosphere. Through the septum 0.05 mL (4.2 x lO"* mol) of CEES was added 
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and the system was monitored for Oj. consumption. Table 9 shows CEESO formation 
after 1 hour using various cream formulations (7.0 mL Galden D02). 



TABLE9" 


[An] 


[NOJ 




[CEESO foimed] 


0 


1.25 


1.25 


3.62 


1.25 


1.25 


1.25 


5.80 


0 


2.50 


2.50 


5.00 


1.25 


2.50 


2.50 


8.06 


0 


5.00 


7.25 


8.06 


1.25 


5.00 


7.25 


16.20 


0 


10.00 


12.50 


10.60 


1.25 


10.00' 


12'.50 


18.70 



All concentratioiis expressed in 10'^ mol. 



Another experiment was performed using Fomblin as the "solvent." In this case, 
1.0 mL of Fomblin, b.OOSg of (NEt4)AuCl2 (1.25 x 10'^ mol), was admixed in with 
varying amounts of CUSO4, MnS64, VOSO4, Ti(S04)2, ^^(^0^)3^ NiSO^, ZaSO^, 
0-2(804)3, MgS04, C0SO4, Fd(N03)4, Na2S03, and/or NBU4NO3. The catalyst was 
prepared and the experiment was performed using the same method as earlier reported. 
Table 10 reveals CEESO forination in PPPE Surfactant (1.6 mL Fomblin) using various 
inetal conapounds. The metal conpounds are abbreviated for sin^jlicity sake. For 
exanple, metal con^jound 1 Au/lCu(II)/lN03 was prepared by mixing one equivalent 
each of (NEt4) AuCl2/CuS04, and NBU4NO3, . 
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TABLE 10 


Metal Compound 


Tamoyers of CEESO after 10 min 

(based on Au) 


lAu/lCu(II)/lN03 


17 


lAu/2Cu(ID/lN03 


28 


lAu/lCu(II)/2N03 


115 


lAu/2Cu(II)/2N03 


155 


lAii/lCu(II)/3N03 


155 


lAu/lFe(III)/3N03 


142 


lAuy2Mii(II)/3N03 


164 


lAii/2Ti(iy)/3N03 


142 


lAii/2Co(II)/3N03 


177 


IAU/4NO3 


185 


lAu/2Cu(II)/3N03 


181 


lAu/2Cu(II)/4N03 


195 


lAW3Cu(II)/3N03 


165 


2Cu(Il)/3N03 


28 


IA11/3NO3 


150 


lFe(nD/3N03 


19 


lAu/2V(IV)/3N03 


160 


lAii/2Ni(ID/3N03 


140 


lAiiy2Ag(II)/3N03 


184 



Figure 2 shows CEESO formation as a fudction of time for lAu/2Cu(II)/3N03, 
2Cu(II)/3N03, and lAu/SNOg. Erom the data in Table 10 and Figure 2, it is clear that 
there was a synergistic effect when certain redox active metals were added to the 



• ■ 53 . . • . 

ATTORNEY DOCKET NO.: 05010.0078U2 

AU/NO3 system. For exsaxsple, one of the most active systems, 1 Au/2Cu(II)/3N03 was 
3.8 and 6.5 times naore effective after 10 miautes of reaction time than when only 2 of 
the components were used, IAU/3NO3 and 2Cu(II)/3N03 respectively. Also, Figure 2 
shows that inhibition was less pronounced in the three component system Another 
5 inportant aspect of this system is that the oxidation terminates to the sulfoxide without 

continued oxidation to yield the sulfone. This is important as it relates to toxicity issues 
as it is believed that the sulfoxide of mustard gas is significantly less toxic than the 
corresponding sulfone. 



10 
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Eaample 12 ; Synthesis, CharactenzatLon, and Reactivity of Oi^ano-Modified 
POMs 

(a) Synthesis tofAg,rV.O.J(OCH,)XCHJ,1 (Ag Me cap> 

5 

Na^iy 60i3((0(3l2)3CCH3) J (Na Me cap, 0.480 g) was dissolved in ~ 4 mL of 
. distilled water. This was filtered over a medixxna fritted funnel to remove any 

undissolved POM. To the dark red-orange solution was added AgN03 (0.215 g) widi 
. stirxiag. An orange-red precipitate formed .iiniaedia.tely. The crude product was 
10 . s^arated by suction filtration over a medium Mt, washed with room temperature water 

andeth^. The product was dried over iiight m vacuo. Crystals were grown by 
diffusiiig ether into an acetonitrile solution of the crude product at room temperature. 
^^V NMR (0 04 g dissolved in 2.0 roL of MeCN) -499.232 ppm (singlet). Solid-state ERL 
(KBrpeUet, 1400 - 400 cm-') 1452.11 (m), 1390.47 (w), 1200.43 (w), 1128.53 (m), 
15 1015.5 (s), 953.9 (vs), 820.36 (sh), 794.68 (s), 712.5 (s), 614.91 (sh), 584.09 (m), 

424.87 (s). 

(b) Synthesis of CorV.O,,((OCH,)XCH,),1 (Co Me can) 

20 The same procedure for the synthesis of Ag2[y^Oi3((OCH2)3CaEl3)2] was 

foUowed/exceptCoGlz was added to form the Co salt of the POM. Crystals were 
. grown from diffusing isopropyl alcohol iato a MeCN solution of crude product. ^'V 
. . NMR (0.04 g dissolved ia 2.0 mL of MeCN) -500.3 ppm (singlet). Solid-state IR (KBr 
. peUet, 1400 - 400 cm ") 1452.11 (m), 1390.47 (w), 1200.43 (w), 1128.53 (m), 1015.5 
25 (s), 953.9 (vs), 820.36 (sh), 794.68 (s), 712.5 (s), 614.91 (sh), 584.09 (m), 424.87 (s). 



(c) Reiactiyltv of Organo-M ndifjeH POMs 
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Table 11 lists the oxidation of tetrahy<taothiophehe ( IMi ) by t-. 
butylhydroperoxide (TBHP) catalyzed by the transition metal salts of Me-capped Y^O^. 
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The oxidations were peifonned by dissolving the particular salt in acetonitrile to give 
lightly colored orange-yellow solutions. The solutions were placed in 24-rDL vials 
fitted with PTFE septa. THT and TBHP were then syringed in and the reactions were 
monitored by qxiantitative GC. Reactions were stirred at room temperature. 

Table 11. Room Temperature Oxidation of THT to THTO by TBHP Catalyzed by 
Transition Metal Salts of Me Capped Y^O^^ after 48 Honrs. 



Catalyst 


Molsof 


Molsof 


Turnover . 




cataiysti xlO* 


TETTO, xlO ' 


number* 


Na Me cap 


1.76 


6.03 


34.3 


Ag Me cap 


1.87 


5.59 


30.0 


Co Me cap 


1.61 


6.33 


39.3 


AeNO, 


14.1 


1.06 


0.754 


CoCl, 


39.5 


2.25 


0.570 


blank" 


NA 


0 


0 



T^lank reaction: 3.0 mL of MeCN, 0.018 mL of THT, 0.010 mL of internal reference, 
turnover number = (mols of THTO)/(mols of catalyst) x 100 

Throvighout this application, various publications are referenced. The 
disclosures of these publications in their entireties are hereby incorporated by reference 
into this application in order to more fully describe the state of the art to which this 
invention pertains. 

It will be apparent to tho se skilled in the art that various modifications and 
variations can be made in the present invention without departing from the scope or 
spirit of the invention. Other embodiments of the invention will be apparent to those 
skilled in the art from consideration of the specification and practice of the invention 
disclosed herein. It is intended that the specificiation and exan5)les be considered as 
exencplary only. 



